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The yeast Mec1/Tel1 kinases, ATM/ATR in
mammals, coordinate the DNA damage re-
sponse by phosphorylating proteins involved
in DNA repair and checkpoint pathways. Re-
cently, ATP-dependent chromatin remodeling
complexes, such as the INO80 complex, have
also been implicated in DNA damage re-
sponses, although regulatory mechanisms
that direct their function remain unknown.
Here, we show that the Ies4 subunit of the
INO80 complex is phosphorylated by the
Mec1/Tel1 kinases during exposure to DNA-
damaging agents. Mutation of Ies4’s phosphor-
ylation sites does not significantly affect DNA
repair processes, but does influence DNA dam-
age checkpoint responses. Additionally, ies4
phosphorylation mutants are linked to the func-
tion of checkpoint regulators, such as the repli-
cation checkpoint factors Tof1 and Rad53.
These findings establish a chromatin remodel-
ing complex as a functional component in the
Mec1/Tel1 DNA damage signaling pathway
that modulates checkpoint responses and sug-
gest that posttranslational modification of chro-
matin remodeling complexes regulates their in-
volvement in distinct processes.
INTRODUCTION
DNA lesions activate a complex and multifaceted DNA
damage response pathway, which is comprised of many
repair and cell cycle regulatory proteins. Central to the co-
ordination of this DNA damage response in yeast is theMec1/Tel1 kinase signaling pathway. Mec1 and Tel1 are
phosphoinositide-3-kinase-related kinases and are called
ATR and ATM, respectively, in mammals. Mutations in
ATM/ATR cause DNA damage response deficiencies re-
sulting in disorders, such as Ataxia-telangiectasia, which
are characterized by developmental defects, DNA dam-
age sensitivity, and cancer predisposition (Shiloh, 2003).
The ATM/ATR kinases phosphorylate many proteins in-
volved in DNA repair and cell cycle checkpoint pathways,
such as p53, CHK2, BRCA1, and NBS1, which when mu-
tated also result in inheritable disorders that are character-
ized by genetic instability and cancer predisposition
(Shiloh, 2003).
Phosphorylation of many Mec1/Tel1 (ATM/ATR) repair
and checkpoint substrates preferentially occurs on an
evolutionarily conserved (S/T)Q consensus sequence
found in many proteins that are involved in the DNA
damage response pathway (Traven and Heierhorst,
2005). For example, the mammalian H2AX histone variant,
which is orthologous to the H2A histones in yeast, is rap-
idly phosphorylated on its carboxy-terminal SQ motif in
chromatin regions surrounding a double-strand break
(DSB; Rogakou et al., 1998). H2AX is a critical component
of the DNA damage response, as defects in the regulation
of H2AX phosphorylation lead to DNA damage checkpoint
alterations, and H2AX deficiency results in genomic insta-
bility and cancer predisposition in mice (Bassing et al.,
2003; Celeste et al., 2003; Downs et al., 2000; Keogh
et al., 2006).
PhosphorylatedH2AX, referred to as g-H2AX, is needed
for the recruitment and/or retention of several DNA repair
proteins (Paull et al., 2000). Recent studies indicate that
yeast g-H2AX is also required for the recruitment of the
chromatin remodeling complex INO80 to DSB sites
(Downs et al., 2004; Morrison et al., 2004; van Attikum
et al., 2004). Though the INO80 complex has been previ-
ously shown to be a transcriptional modulator (MizuguchiCell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc. 499
et al., 2004; Shen et al., 2000), the association of g-H2AX
with the INO80 complex during the DNA damage re-
sponse reveals a new role for this complex. Other studies
similarly reveal DNA repair roles for chromatin remodeling
complexes previously characterized as transcriptional
regulators, such as SWI/SNF, SWR1, and RSC complexes
(Morrison and Shen, 2005, 2006; Wong et al., 2006). The
need for regulatory mechanisms that direct the activities
of these multisubunit chromatin remodeling complexes
in diverse nuclear processes are apparent but not well
characterized.
In this study we reveal a novel regulatory mechanism for
the INO80 chromatin remodeling complex, in which the
Mec1/Tel1 kinases phosphorylate Ies4 (Ino-eighty subunit
4) of the INO80 complex on consensus (S/T)Q motifs to
modulate DNA damage checkpoint responses.
RESULTS
The Ies4 Subunit of the Ino80 Complex
Is Posttranslationally Modified under
DNA-Damaging Conditions
To identify regulatorymechanisms that direct the activities
of the INO80 complex, we investigated potential changes
in the composition of the INO80 complex under DNA-
damaging conditions. However, low-stringency purifica-
tion of the INO80 complex, which retains several associ-
ated proteins, such as histones, reveals no significant
loss or gain of proteins within the INO80 complex or
among its associated proteins following exposure to the
DNA-damaging agent methyl methanesulfonate (MMS;
Figure 1A; Morrison et al., 2004).
We then examined the possibility of DNA damage-
induced posttranslational modifications (PTM) of the
INO80 complex, particularly phosphorylation, since phos-
phorylation accounts for a major component of signaling
pathways activated during the DNA damage response.
An in-gel stain of purified INO80 detects two proteins
that are phosphorylated upon MMS treatment and
dephosphorylated by in vitro phosphatase treatment
(Figure 1A). Western analysis identifies one phospho-
protein as g-H2AX and confirms previous studies that
demonstrate an association of g-H2AX with the INO80
complex under DNA-damaging conditions (Figure 1A;
Morrison et al., 2004). The other protein identified in the
INO80 complex that undergoes DNA damage-induced
phosphorylation migrates at a position corresponding to
the Ies4 subunit of the INO80 complex (Shen et al.,
2003; Figure 1A). Deletion of the IES4 gene confirms the
identity of this phospho-protein as Ies4 (Figure 1B).
Furthermore, purification of Ies4 from untreated and
MMS-treated cells reveals that there is only slight variation
between proteins that associate with Ino80 and Ies4, indi-
cating that Ies4 is primarily found in the INO80 complex
and not in other knownmultisubunit chromatin remodeling
complexes (Figure 1C).500 Cell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc.Ies4 Is Hyperphosphorylated by the Mec1/Tel1
Kinases in Response to DNA Damage
A time course of MMS treatment shows that the phos-
phorylation of Ies4 rapidly increases by 5-fold with
maximal phosphorylation occurring within one hour of
treatment (Figure 2A). Two-dimensional (2D) gel electro-
phoresis reveals approximately five modified Ies4 spots
in theMMS-treated samples compared to apredominately
single Ies4 spot in untreated samples, thus indicating that
Ies4 acquires multiple PTMs in cells that are exposed to
DNA-damaging agents (Figure 2B).
To identify the nature of these modifications matrix-
assisted laser desorption/ionization-mass spectrometry
(MALDI-MS) was performed on HPLC-purified Ies4 pro-
teins from both untreated and MMS-treated INO80 com-
plexes (Figure 2C). Ies4 from untreated samples is found
at 13,004 Daltons (Da), corresponding to unphosphory-
lated Ies4, and two minor peaks at higher molecular
weights, corresponding to phosphorylated Ies4 isoforms.
After MMS treatment, a dramatic increase is seen in the
peak intensities for phosphorylated Ies4, representing
phosphorylation at one to three sites, respectively. Ies4
from MMS-treated samples was digested and analyzed
by MALDI-MS to map the sites of phosphorylation
(Figure 2D). Significant phosphorylation of the peptide
from residues 1–19 (SQESSVLSESQEQLANNPK), which
contains five serines, is observed in MMS-treated sam-
ples with masses equivalent to the peptide ion containing
residues 1–19 in an unphosphorylated state (2116 Da) + 1
phosphate (Pi), +2 Pi, +3 Pi, +3 Pi Na, and +4 Pi Na, respec-
tively. The peptide containing residues 1–31 (SQESSVL
SESQEQLANNPKIEDTSPPSANSR) is observed with up
to three phosphorylation sites, again with peptide ion-
sodium adducts prominent at higher phosphorylation
levels. The quadruply-phosphorylated peptide is not la-
beled in the figure but is observed in the weak peaks at
3691 (+4 Pi) and 3715 (+4 Pi Na) Da. Phosphorylation of
these peptides was further confirmed by MALDI-post
source decay (PSD; data not shown).
Interestingly, this Ies4 N-terminal sequence contains
two serines in Mec1/Tel1 (ATM/ATR) kinase (S/T)Q con-
sensus sites, which surround three other serines
(Figure 3A). Utilizing yeast strains containing specific ki-
nase deletions, we found that loss of both MEC1 and
TEL1 abolishes the in vivo induction of Ies4 phosphoryla-
tion during the DNA damage response (Figure 3B). How-
ever, when downstream targets of Mec1, the Rad53 and
Chk1 kinases, are mutated there is no significant reduc-
tion in the phosphorylation of Ies4 in MMS-treated cells.
Because deletion of either MEC1 or TEL1 alone deregu-
lates Ies4 phosphorylation but does not reduce the level
of Ies4 phosphorylation to the extent seen in the mec1
tel1 double mutant, it is probable that compensating
mechanisms for maintenance of phosphorylated Ies4 ex-
ist in strains lacking either Mec1 or Tel1 kinase activity
alone.
As previously shown, the MMS-treated wild-type sam-
ple is observed as multiple Ies4 spots in a 2D gel
Figure 1. The Ies4 Subunit of the Ino80 Complex Becomes Modified During Exposure to DNA-Damaging Agents
(A) INO80 complexes were purified from untreated or MMS-treated BY4733 strains with 0.2 M KCl buffer and incubated with either shrimp alkaline
phosphatase (+Phosphatase) or heat-inactivated phosphatase (Phosphatase) during purification. Electrophoresed samples were either stained
with Pro-Q Diamond Phospho-protein Stain (middle panel) followed by silver stain (left panel) or by western analysis using a g-H2AX-specific antibody
(right panel). Relevant INO80 subunits are labeled on the left panel.
(B) INO80 complexes fromwild-type and IES4 deletion BY4733 strains containing chromosomally FLAG-tagged INO80were untreated or treatedwith
MMSand purified as described in Figure 1A. Electrophoresed sampleswere stainedwith Pro-QDiamond Phospho-protein Stain (right panel) followed
by silver stain (left panel).
(C) BY4741 strains containing plasmids encoding FLAG-tagged Ino80 (Ino80-F) and Flag-tagged Ies4 (Ies4-F) were either untreated or treated with
MMS and purified with 0.5 M KCl buffer. Silver-stained gel is shown with INO80 complex subunits labeled. The asterisk (*) indicates the alcohol de-
hydrogenase contaminant, ADH1, commonly found in purified proteins from MMS-treated samples.(Figure 2B). However, in cells lacking the Mec1/Tel1
kinases, either untreated or MMS-treated, Ies4 migrates
to a spot that correlates with unphosphorylated Ies4
(Figures 3C and 2B). Glutamic acid substitution of the
five serines in the Ies4 N terminus mimics phosphorylation
and changes the isoelectric point of the protein to one that
is comparable with the more acidic, and presumably
highly phosphorylated, isoform in the MMS-treated wild-
type strain (Figures 3C and 2B). Importantly, the migration
of the protein in this mutant that mimics highly phosphor-
ylated Ies4 remains unchanged with or without the addi-
tion of MMS, suggesting that these mutated amino acids
are responsible for the changes in the DNA damage-
induced migration of wild-type Ies4 (Figures 3C and 2B).
Additionally, in vitro kinase assays using immunopre-
cipitated Mec1 or Tel1 and the INO80 complex demon-
strate that Ies4 is phosphorylated by both Mec1 and
Tel1 kinases (Figure 3D). The Mec1 kinase reaction canbe inhibited by the addition of the PI-3 kinase inhibitor
wortmannin (Figure 3D). However, because wortmannin
is a less effective inhibitor of in vitro Tel1 kinase activity
(Mallory and Petes, 2000), replacing the active Tel1 kinase
with one containing amutant kinase domain (kinase-dead)
greatly diminishes the phosphorylation of Ies4 (Figure 3D).
Furthermore, in vitro DNA- and nucleosome-stimulated
ATPase assays indicate that MMS treatment reduces
the activity of INO80 purified from wild-type cells and
that this reduction is modestly, but consistently, dimin-
ished in INO80 complexes purified frommec1 tel1mutant
cells (Figure S1), suggesting that Mec1/Tel1 may modu-
late INO80 activity during DNA damage responses.
Thus, these findings indicate that the Ies4 subunit of the
INO80 complex is hyperphosphorylated by the Mec1/
Tel1 kinases in response to DNA damage and establish
an ATP-dependent chromatin remodeling complex as
a novel target in the Mec1/Tel1 pathway.Cell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc. 501
Figure 2. The N Terminus of Ies4 Becomes Hyperphosphorylated in Cells Treated with DNA-Damaging Agents
(A) INO80 complexeswere purified using 0.2MKCl buffer fromBY4733 strains grown tomidlog phase and treatedwith 0.045%MMS for the indicated
time in minutes. Samples were stained with Pro-Q Diamond Phospho-protein Stain (upper panel) followed by staining with Deep Purple Stain (Total
Protein, lower panel). The arrow indicates the Ies4 subunit. Relative induction of Ies4 phosphorylation was determined as described in Experimental
Procedures and is shown in the bottom graph with the untreated sample set to 1.
(B) 2D gel analysis using 3–10 pH IPG strips of INO80 complexes that were purified with 0.5 M KCl buffer from untreated or MMS-treated BY4733
strains. The Ies4 subunit of the INO80 complex is shown in gels stained with Deep Purple.
(C) MALDI-MS of HPLC-purified Ies4 protein from either untreated (left panel) or MMS-treated samples (right panel). SA indicates the detection of
a salt adduct.
(D) MALDI-MS of the tryptic digest of Ies4 from MMS-treated samples acquired in negative ion mode using the linear detector. Ninety-four percent
amino acid sequence coverage for Ies4 was obtained, including all serine, threonine, and tyrosine residues. Peaks are labeled with the residue num-
bers and observed m/z values. * denotes residues 1–19, and ** denotes 1–31.ies4 Phosphorylation Mutations Affect DNA
Damage Responses
Because the Mec1/Tel1 kinases activate critical DNA
damage signaling pathways, we investigated the influence
of phosphorylated Ies4 on DNA damage responses by uti-
lizing ies4 phosphorylation mutants containing either ser-
ine to alanine mutations that block phosphorylation, or
serine to glutamic acidmutations that mimic phosphoryla-
tion, of the serines located in the N terminus of Ies4
(Figure 3A). Interestingly, the serine to glutamic acid muta-
tions of Ies4 result in reduced viability in the presence of
the DNA-damaging agents MMS and hydroxyurea (HU),
while the serine to alanine mutations of Ies4, as well as
ies4D, result in viability similar to wild-type cells
(Figure 4A). Purification of the INO80 complex in cells
that express these ies4 phosphorylation mutants shows
no detectable change in the composition of the complex;
thus the reduced viability (hypersensitivity) of the ies4
phosphorylation mutants cannot be attributed to subunit
changes within the complex (Figure 4C). In addition,502 Cell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc.both mutation of the five serines (at amino acid positions
2, 5, 6, 9, and 11) of Ies4 and mutation of only the two ser-
ines within the Mec1/Tel1 consensus sites (at amino acid
positions 2 and 11) result in the same level of viability in the
presence of DNA-damaging agents, suggesting that dif-
ferently phosphorylated forms of Ies4 have redundant
functions.
Additionally, deletion of NHP10 suppresses the DNA
damage sensitivity phenotype seen in the ies4 mutant
that mimics persistent phosphorylation (Figure 4B). Loss
of the Nhp10 subunit of the INO80 complex reduces the
association of the complex to chromatin regions surround-
ing DSBs that contain g-H2AX (Morrison et al., 2004).
Moreover, chromatin immunoprecipitation (ChIP) experi-
ments reveal that the recruitment of Ino80 and Ies4 to an
HO endonuclease-induced DSB is not altered by expres-
sion of the ies4 phosphorylation mutants (Figure S2).
These results suggest that phosphorylated Ies4 functions
through and is dependent on a functional INO80 complex
that is able to localize to regions of damaged DNA.
Figure 3. Ies4 Is Hyperphosphorylated by Mec1 and Tel1
(A) The protein sequence of Ies4 and previously identified Mec1/Tel1 (ATM/ATR) kinase substrates are shown with the consensus target sequence
underlined. The phosphorylated serine is in bold font with the corresponding amino acid number shown above.
(B) INO80 complexes were purified with 0.5 M KCl buffer from untreated or MMS-treated isogenic W303-derived strains containing FLAG-tagged
Ino80 plasmids. Samples were stained with Pro-Q Diamond Phospho-protein Stain (top panel) followed by Deep Purple Stain (Total Protein, lower
panel). Relative induction of Ies4 phosphorylation was determined as described in Experimental Procedures and is shown in the bottom graph
with the untreated wild-type sample (Wt, MMS) set to 1. Results are an average of two independent experiments for wild-type, mec1D, tel1D,
and mec1D tel1D strains. Relevant INO80 subunits are labeled on left panel.
(C) 2D gel analysis of INO80 complexes that were purified with 0.5 M KCl buffer from untreated or MMS-treated strains. The BY4705 strain lacks both
MEC1 and TEL1. The BY4733 strain lacks IES4 and contains an ies4 phosphorylation mutant with serine to glutamic acid substitutions of amino acids
2, 5, 6, 9, and 11 (ies4 S:E-5). The Ies4 subunit of the INO80 complex is shown in gels stained with Deep Purple.
(D) In vitro kinase assays using INO80 complexes purified with 0.5 M KCl buffer and immunoprecipitated Mec1 (with or without 5 uM of wortmannin),
Tel1, or kinase-dead Tel1. Reactions were electrophoresed on SDS-PAGE gels. Top panel shows 32P-labeled Ies4. Middle panel shows silver stain of
INO80 complexes used in each reaction. Bottom panel shows quantitated autoradiogram of 32P-labeled Ies4 with the mock kinase sample within
each experiment set to 1.Notably, these results demonstrate that the DNA dam-
age response is altered in cells that mimic persistently
phosphorylated Ies4 and not in cells that block Ies4 phos-
phorylation. This may be due to compensating and/or re-
dundant mechanisms that exist for the function of phos-
phorylated Ies4 during the DNA damage response.
Indeed, deletion of TEL1, the kinase predominantly neces-
sary for the in vivo DNA damage-induced phosphorylation
of Ies4 (Figure 3B), does not result in reduced viability of
cells treated with DNA-damaging agents, while deletion
of both TEL1 and MEC1 results in synergistic lethality of
cells exposed to DNA-damaging agents (Morrow et al.,
1995). An examination of the factors that compensate
for the loss of Ies4 phosphorylation will be discussed in
detail later in the text.
The effect of the mutant that mimics phosphorylated
Ies4 on the DNA damage response does not appear tobe an indirect affect on the transcription of genes that
are classified as DNA repair-related by the Saccharo-
myces Genome Database (SGD), as assayed by tran-
scriptional microarray analysis (data not shown).
Furthermore, ies4 phosphorylation mutants differ from
an ino80 mutant in that transcription of far fewer genes
is affected by the mutant that mimics phosphorylated
Ies4 compared to an ino80 mutant and that unlike
strains that lack INO80, ies4 phosphorylation mutants
do not cause inositol auxotrophy, a phenotype which
signifies defects in the general transcription machinery
(Figure S3). Thus, while INO80 is involved in multiple
nuclear processes, such as transcription and DNA re-
pair, these results show that disturbing the normal
cellular regulation of Ies4 phosphorylation alters the
function of INO80 specifically during the DNA damage
response.Cell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc. 503
Figure 4. ies4 Phosphorylation Mutants Influence the DNA Damage Response Pathway
(A) Top panel shows serial dilutions (1:5) of BY4741 strains that lack IES4 and carry either an empty vector, a vector containing the wild-type IES4
gene, ies4 phosphorylation mutants with serine to alanine or serine to glutamic acid substitutions of amino acids 2 and 11 (designated as ies4
S:A-2 or S:E-2), or substitutions of amino acids 2, 5, 6, 9, and 11 (designated as ies4 S:A-5 or S:E-5).
(B) Serial dilutions (1:5) of single and double deletion strains with the ies4 phosphorylationmutants andNHP10 deletion. For Figures 4A and 4B, strains
were plated on either SC-ura normal media, media containing 0.01% MMS, or 150 mM HU.
(C) INO80 complexes were purified with 0.5 M KCl buffer from untreated or MMS-treated BY4733 strains carrying chromosomally FLAG-tagged
INO80 and expressing wild-type IES4 or ies4 phosphorylation mutants. Deep Purple stain of samples is shown.ies4 Phosphorylation Mutations Do Not Alter DNA
Damage Repair Processes
In order to determine if mutation of Ies4’s phosphorylation
sites disrupts DNA repair processes we investigated the
proficiency of DSB repair via nonhomologous end-joining
(NHEJ) and homologous recombination (HR). We first
monitored the 50–30 single-strand DNA resection that oc-
curs after endonuclease-induced DSB formation at the
MAT locus in ies4 phosphorylation mutants by Southern
blot analyses (White and Haber, 1990). Because the EcoRI
enzyme cannot cleave single-strand DNA generated by
the resection, the signals of the two digested bands in
wild-type cells eventually disappear four hours after DSB
induction (Figure 5A). Deletion of the INO80 subunits
NHP10 and ARP8 leads to the persistence of the digested
DNA signals, indicating a delay in DNA resection (Fig-
ure 5A; data not shown). Conversely, the rate of DNA re-
section is not significantly altered in the ies4 mutant that
mimics phosphorylation (Figure 5A). However, there is
a slight increase in the kinetics of single-strand resection
in the ies4 mutant that prevents phosphorylation. Never-
theless, this effect appears to be relatively minor com-
pared to the resection defects in the nhp10 mutant strain
(Figure 5A) and does not phenotypically result in defi-
ciencies in the DNA damage response (Figure 4A).
Furthermore, the ies4 phosphorylation mutants did not
appear to affect any step of HR that was analyzed—504 Cell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc.including strand invasion, ligation of repaired ends, prod-
uct formation, as well as cell survival following creation of
a DSB—using model systems that repair the DSB via an
ectopic donor or single-strand annealing (Figures S4B,
S4C, S4D, and S5). In addition no significant defects
were observed in the survival of cells undergoing NHEJ
of a DSB due to the lack of a homologous donor sequence
(Figure S4A). Taken together, these results suggest that
while certain INO80 subunits, such as Nhp10 and Arp8, af-
fect the repair process of an endonuclease-induced DSB,
the phosphorylation status of Ies4 has only a minor influ-
ence on these activities. These observations also highlight
the notion that different subunits of the INO80 complex
have distinct functions in DNA damage responses.
Mutation of Ies4’s Phosphorylation Sites Influences
DNA Damage Checkpoint Pathways
As previously mentioned, the Mec1/Tel1 (ATM/ATR) ki-
nases coordinate DNA damage checkpoint responses
by phosphorylating cell cycle regulatory proteins, such
as Rad53 (Chk2 in mammals; Sanchez et al., 1996). In par-
ticular, wild-type asynchronous cells activate aMec1- and
Rad53-dependent checkpoint in early S phase when
treated with MMS (Paulovich and Hartwell, 1995). Be-
cause Rad53 undergoes Mec1-dependent autophos-
phorylation in order to become activated, an examination
of the change in electrophoretic mobility and in situ
Figure 5. ies4 Phosphorylation Mutants Modulate the DNA Damage Checkpoint Response but Not Repair Mechanisms
(A) A schematic diagram of theMAT locus with the HO endonuclease-inducedDSB site is shown. The DNA fragments from EcoRI digested DNA (cut I,
3824 bp, and cut II, 2613 bp) are detectable using the depicted probe (solid black rectangle). Bottom panels display Southern blots measuring DNA
resection. Equal amounts of DNA were loaded from either wild-type JKM179, an NHP10 deletion strain, or IES4 deletion strains carrying ies4 phos-
phorylation mutants (ies4 S:A-5 or S:E-5), as described in Figure 4A. Samples were taken following galactose induction of the endonuclease at the
indicated time in hours.
(B) BY4741 strains described in Figure 4A were treated with 0.045% MMS for 3 hr. Rad53 western blots are shown (Rad53 W.B.; top panel). In situ
autophosphorylation of Rad53 is shown (Rad53 I.S.A.; middle panel). Coomassie stained gel is shown as a loading control (Load; bottom panel). Bot-
tom graph shows quantitated results of I.S.A. autoradiogram.
(C) FACS analysis of midlog phase asynchronous BY4741 strains with the genetic manipulations described in Figure 4A treated with 0.045%MMS for
the indicated times.
(D) Graph of results shown in Figure 5C.
(E) Quantitative analysis using E-MAP technology of double mutant genetic interactions is shown. ies4 phosphorylation mutants are described in
Figure 4A. In this representation, aggravating (blue) and alleviating (yellow) genetic interactions are visualized using a blue/yellow scale.autophosphorylation (ISA) of Rad53 is used to monitor
DNA damage checkpoint activation (Pellicioli et al.,
1999).When exposed toMMS, cells expressingmutations
that mimic persistent Ies4 phosphorylation have an in-
crease in Rad53 phosphorylation and activity, indicative
of an elevated checkpoint response (Figures 5B and S6).
Accordingly, the cell cycle profile of this ies4 mutant is al-
tered upon exposure to DNA-damaging agents and un-
dergoes a more pronounced cell cycle arrest compared
to wild-type cells, a result which is also representative of
an increased checkpoint response (Figures 5C and 5D).
In contrast, the cell cycle profile of the ies4mutant that can-
not be phosphorylated is similar to that of wild-type cells
(Figures5Cand5D;datanotshown).Thecheckpointstatus
of the ies4 phosphorylation mutants is consistent with the
phenotypes of these strains grown under DNA-damagingconditions (Figure 4A), as an inappropriate increase in
checkpoint activation should result in adecrease inprolifer-
ation. Our data suggest that phosphorylation of Ies4 by the
Mec1/Tel1 kinases is an important part of the DNAdamage
response and that disruption of this step by expression of
a mutant that mimics persistent Ies4 phosphorylation
results in a heightened checkpoint response. However, it
should be noted that this elevated checkpoint response is
not a result of significant defects in checkpoint release or
persistence following exposure to DNA-damaging agents
(Figure S7), as observed in cells that lack H2AX phospha-
tase activity (Keogh et al., 2006). During recovery, cellular
levels of g-H2AX are slightly altered in the ies4 mutant
that mimics persistent phosphorylation; however, this
does not appear to affect cell survival (Figure S7). Addition-
ally, the amount of g-H2AX that associateswith the purifiedCell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc. 505
INO80 complex is not significantly changed in the ies4
phosphorylation mutants (Figure S8).
We then genetically analyzed ies4 phosphorylation
mutants by systemically creating double deletion strains
using synthetic genetic array (SGA) technology (Tong
et al., 2004) in a high-density epistatic miniarray profile
(E-MAP) format (Collins et al., 2007; Schuldiner et al.,
2005). Briefly, the mutants were crossed to a set of gene
deletions that have been previously implicated in various
aspects of chromosome function, including DNA repair
and transcriptional regulation (Collins et al., 2007). The
high-density nature of the approach combined with the
implementation of novel analytical strategies (Collins
et al., 2006) allows for the identification of not only syn-
thetic sick/lethal interactions (aggravating) but also inter-
actions where the double mutant actually grows better
than would be expected from growth of the two single mu-
tants (alleviating). The latter set of genetic interactions are
often more revealing than synthetic sick/lethal relation-
ships because they often identify cases where the genes
that are working in the same pathway in vivo (Collins
et al., 2007; Schuldiner et al., 2005). Mutation of the five
serines in the Ies4 N terminus, either to glutamic acid or al-
anine, results in very similar genetic profiles overall
(Figure S9; Table S1). However, substitution of these five
serines with glutamic acid, but not with alanine, results
in alleviating genetic interactions with two checkpoint
genes, RAD9 and DDC1 (Rouse and Jackson, 2002), as
well as with PSY2, a component of the H2AX phosphatase
complex, HTP-C, which has been linked to checkpoint
regulation (Keogh et al., 2006; Figure 5E).
Genetic interactions, either alleviating or aggravating,
were much less prominent when either mutant was com-
bined with mutations in the RAD52 epistasis group. Con-
sistent with this data, phenotypic analysis reveal that
both the single rad54 mutant and the double mutant con-
taining rad54 and ies4 phosphorylation mutations display
the same level of viability in the presence of DNA-damag-
ing agents (Figure S10). Therefore, the hypersensitivities of
the ies4 phosphorylation mutants do not add to the hyper-
sensitivities of DNA repair mutants. Taken together, these
results define a functional role for the Mec1/Tel1 phos-
phorylation of the Ies4 subunit, possibly in the modulation
of checkpoint responses following the involvement of re-
pair proteins, such as those in the RAD52 epistasis group.
An ies4 Phosphorylation Mutant Is Linked to the
Function of the Replication Checkpoint Factor Tof1
Global genetic analysis reveals that both members of the
INO80 chromatin remodeling subfamily, INO80 and
SWR1, play an important role in the maintenance of DNA
integrity, including replicative damage pathways (Collins
et al., 2007; Pan et al., 2006). Because ies4 phosphoryla-
tion mutant alleles are hypersensitive to DNA-damaging
agents that induce replication stress, such as MMS and
HU, we sought to the further define the role of phosphor-
ylated Ies4 in replication checkpoint responses by per-
forming analyses with the checkpoint factor Tof1, which506 Cell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc.travels with the replication machinery and mediates the
Rad53 checkpoint response (Alcasabas et al., 2001;
Katou et al., 2003).
Deletion of the replication checkpoint factor TOF1 in the
ies4 mutant that cannot be phosphorylated results in
impaired viability under normal growth conditions, hyper-
sensitivity to HU, and lethality during temperature stress
conditions (Figure 6A; Table S1). (It should be noted that
the hypersensitivity of the ies4mutant that mimics persis-
tent phosphorylation is not as evident in Figure 6A as in
Figures 4A and 4B because of the lower HU concentration
used in Figure 6A.) HU treatment impedes replication by
reducing cellular dNTP levels, thus activating an S phase
checkpoint response as a result of the production of aber-
rant DNA structures. Tof1 is a key component of this rep-
lication checkpoint response as it promotes both replica-
tion fork pausing and fork recovery during HU treatment
(Tourriere et al., 2005). However, tof1 mutants show no
phenotypic hypersensitivity to DNA-damaging agents, in-
dicating that compensating factors exist for loss of Tof1
function (Foss, 2001). Similar to wild-type cells, tof1 single
mutants and tof1 ies4 double mutants undergo Rad53
phosphorylation in response to HU exposure (Figure 6B;
Foss, 2001). During persistent HU treatment, wild-type,
tof1 singlemutant, and ies4 phosphorylation singlemutant
cells are able to progress into S phase, albeit at a consid-
erably diminished rate, likely due to the continual develop-
ment and repair of DNA damage (Figure 6C; data not
shown). However, when TOF1 is deleted in the ies4mutant
that prevents phosphorylation, the cell cycle profile of this
double mutant is altered, indicating a much more pro-
nounced inability to replicate DNA in the presence of HU
(Figure 6C). Additionally, unlike wild-type or single mutant
strains, this tof1 ies4 double mutant has a dramatic de-
crease in viability when exposed to HU (Figure 6D). This
reduction in viability correlates with a marked deficiency
in the rate of S phase recovery following HU treatment
(Figure 6E). Furthermore, FACS analysis of the tof1 ies4
double mutant consistently detected a significantly higher
level of fluorescently stained DNA per cell compared to
wild-type or either single mutant strain (Figures 6C, 6E,
and 6F), which is indicative of genomic instability and fur-
ther emphasizes the importance of phosphorylated Ies4 in
maintaining DNA integrity. Because the tof1 ies4 double
mutant, but not either single mutant, displays these DNA
damage-related phenotypes, these results suggest that
Tof1 and phosphorylated Ies4 are compensating factors
in the replication checkpoint response.
Paradoxically, although Rad53 is phosphorylated dur-
ing HU treatment in the tof1 ies4 mutant, the cell cycle
and viability defects of this double mutant are similar to
that of rad53 mutants in S. cerevisiae, as well as mutants
of the Rad53 replication checkpoint homolog in S. pombe,
Cds1 (Alcasabas et al., 2001; Lopes et al., 2001;Murakami
and Okayama, 1995). This may suggest that the check-
point functions of Tof1 and INO80 are independent of
Rad53 and/or that, despite the checkpoint deficiencies
in the tof1 ies4 double mutant, yet another factor
Figure 6. An ies4 Phosphorylation Mutant Allele Is Linked to the Function of the DNA Replication Checkpoint Factor Tof1
(A) Serial dilutions (1:5) of BY4741 single and double deletion strains with the ies4 phosphorylation mutants, described in Figure 4A, and deletion of
TOF1. Strains were plated on SC ura and grown at 30C with or without 50 mM HU, or at 37C.
(B) Rad53 western (Rad53 W.B.) of strains arrested in G1 with a factor then released into S phase with 0.2 M HU for 2 hr. Coomassie stained gel is
shown as a loading control (Load; bottom panel).
(C) FACS analysis of strains arrested in G1 with a factor then released into S phase with 0.2 M HU for the indicated time in minutes. Asynchronous
(Asyn.) cells are shown in the bottom panel.
(D) Viability of strains arrested in G1 with a factor then released into S phase with 0.2 M HU for the indicated time in minutes. Following treatment, an
equal number of cells from each strain were plated on SCuramedia. The graph shows the relative number of colony forming units (CFU) per cell with
the untreated sample within each strain set to 100%. Error bars denote standard deviation among replicate samples from independent experiments.
(E) FACS analysis of strains arrested in S phase with 0.2 M HU for 2 hr then grown in media without HU for the indicated time in minutes.
(F) FACS analysis of strains arrested in G1 with a factor then grown in media without a factor for the indicated time in minutes.compensates for the activation of Rad53. Similarly, cds1
mutants treated with HU are able to activate the Rad53
homolog that functions in G2/M, Chk1 (Brondello et al.,
1999). However, activation of Chk1 during the S phase
checkpoint does not compensate for loss of Cds1 activity,
as cds1mutants treated with HU have altered checkpoint
responses that result in decreased viability (Brondello
et al., 1999; Murakami and Okayama, 1995). Interestingly,
the tof1 ies4 double mutant also has a reduced rate of S
phase progression even without the addition of exoge-
nous DNA-damaging agents (Figure 6F). This may be
due to defects in the release of the double mutant from
a factor or may suggest that Tof1 and INO80 also have
a function that influences normal S phase kinetics, as re-
cently observed for the function of Cds1 during replication
(Meister et al., 2007).Taken together these results reveal that when treated
with DNA-damaging agents the ies4 mutant that mimics
persistent phosphorylation has an elevated checkpoint
activation and that the ies4 mutant that cannot be phos-
phorylated displays deficiencies in checkpoint responses
when the compensating function of Tof1 is also absent.
These results further emphasize that proper maintenance
of the phosphorylation status of Ies4 is critical during the
DNA damage response, particularly when initiated by rep-
licative stress.
DISCUSSION
The results presented in this study establish an ATP-
dependent chromatin remodeling complex as a novel
and functional component in the Mec1/Tel1 DNA damageCell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc. 507
checkpoint signaling pathway, thereby expanding the
scope of Mec1/Tel1 targets to chromatin remodeling fac-
tors. Our observations also show that different subunits of
a chromatin remodeling complex have distinct functions in
a given process, such as the DNA damage response, sug-
gesting that the regulation of the complex is multifaceted.
Furthermore, these results suggest a mechanism by
which PTMs of chromatin remodeling complexes may
regulate their involvement in distinct processes.
Based on the results presented in this study and others,
we have proposed a model for the Mec1/Tel1-directed in-
volvement of INO80 in the DNA damage signaling path-
way. In summary, Mec1/Tel1 regulates two aspects of
INO80 during DNA damage response: one is through the
phosphorylation of H2AX, leading to the recruitment of
INO80 at DNA damage sites, and the other is phosphory-
lation of the Ies4 subunit of INO80. Following binding of
the complex to damage sites, certain subunits, such as
Nhp10, Arp8, and Arp5, affect DNA repair mechanisms,
while phosphorylated Ies4 influences the checkpoint re-
sponse. The checkpoint regulator Tof1 is a redundant fac-
tor that compensates for the lack of phosphorylated Ies4
(Figure 7).
A New Target in the Mec1/Tel1 (ATM/ATR) Signaling
Pathway
Many of the subunits of the INO80 complex are evolution-
arily conserved, as is the involvement of INO80 in the DNA
damage response (Fritsch et al., 2004; Jin et al., 2005;
Morrison et al., 2004; van Attikum et al., 2004). However,
because the Ies4 subunit is not evolutionarily conserved,
it is possible that in other organisms, another subunit of
the INO80 complex may substitute for the function of
phosphorylated Ies4. Indeed, a number of the evolution-
arily conserved INO80 subunits, such as the Ino80 ATPase
and Rvb1/2 subunits, contain Mec1/Tel1 (ATM/ATR) con-
sensus (S/T)Q motifs. However, in this study, phosphory-
lated Ies4 is the most evident PTM in cells treated with
DNA-damaging agents, as measured in phospho-protein
staining and 2D gel assays. Nevertheless, the observation
that the INO80 in vitro ATPase activity is deregulated in
complexes purified from mec1 tel1 mutant cells
(Figure S1) and not in purified INO80 complexes contain-
ing ies4 phosphorylation mutants (data not shown) pro-
vides evidence that Mec1/Tel1 may mediate the PTM of
INO80 subunits other than Ies4, which in turn modulate
the in vitro activity of the complex.
Moreover, because the (S/T)Q motifs are also found in
the subunits of many chromatin-modifying complexes, it
is likely that other complexes that have been implicated
in DNA repair may also be regulated by the Mec1/Tel1
(ATM/ATR) kinases, including the ATP-dependent chro-
matin remodeling complexes SWI/SNF, RSC, and
SWR1, as well as the histone-modifying complex NuA4.
Therefore, chromatin-modifying complexes may repre-
sent a new class of Mec1/Tel1 (ATM/ATR) targets.508 Cell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc.Connecting Chromatin Remodeling to Cell Cycle
Checkpoint Pathways
Data presented in this report demonstrate that phosphor-
ylation of Ies4 regulates the involvement of INO80 in
checkpoint pathways that are initiated by replication
stress. Interestingly, the checkpoint protein Tof1, which
is a redundant factor for phosphorylated Ies4, is involved
in sister chromatid cohesion during postreplicative repair
(Redon et al., 2006; Xu et al., 2004), a process which is in-
timately liked to chromatin modification (Unal et al., 2004).
Therefore, it may be that phosphorylation status of Ies4 al-
ters the activity of INO80 to modulate the chromatin envi-
ronment surrounding DNA damage in a manner that
ultimately influences the ability of Tof1 to facilitate chro-
matin cohesion. In S. pombe, the Tof1-related checkpoint
protein Swi1 cooperates with Cds1 to prevent both fork
collapse and irreversible fork arrest during HU treatment
(Noguchi et al., 2003). The cell cycle and viability alter-
ations observed in the tof1 ies4 double mutant may be
attributed to similar defects.
Alternatively, the phosphorylation status of Ies4 may
influence DNA damage responses by altering the chroma-
tin structure in such away as tomodify the ability of check-
point proteins to localize to DNA damage sites. For
instance, it has been postulated that the activity of chro-
matin remodeling complexes is involved in regulating the
exposure of a modified histone for recognition by the
Figure 7. ProposedModel for theMec1/Tel1-Mediated Regu-
lation of Ino80 during the DNA Damage Response
Mec1/Tel1 regulates two aspects of INO80 when cells are exposed to
DNA-damaging agents: one is the phosphorylation of H2AX, leading to
the recruitment of INO80 at DNA damage sites; the other is phosphor-
ylation of the Ies4 subunit. Following binding of the complex to damage
sites, subunits, such as Nhp10, Arp8, and Arp5, affect DNA repair
mechanisms, while phosphorylated Ies4 influences the checkpoint re-
sponse. The replication checkpoint regulator Tof1 is a redundant fac-
tor for an ies4 phosphorylation mutant.
checkpoint adaptor Rad9/53BP1/Crb2, which in turn
modulates the activation of Rad53 (Vidanes et al., 2005).
Because genetic data indicates that an ies4 phosphoryla-
tion mutant functions in the same pathway as checkpoint
proteins that regulate the activity of Rad53, such as Rad9
and Ddc1 (Kondo et al., 2001), it is possible that the phos-
phorylation status of Ies4 in the INO80 complex may influ-
ence this chromatin remodeling process. Alternatively, it is
also possible that Ies4 phosphorylation status modulates
potential direct interactions between INO80 and check-
point factors.
Recently, the INO80 and SWR1 complexes have also
been implicated in checkpoint adaptation to a persistent
DSB (Papamichos-Chronakis et al., 2006). However, the
precise mechanisms of how cell cycle checkpoints func-
tion in the chromatin environment are still not well under-
stood. Our study further demonstrates a link between
ATP-dependent chromatin remodeling complex to cell
cycle checkpoint pathways and provides a platform to
address this important connection.
Functional Diversity within the INO80 Complex
In this study, we show that nhp10mutant cells, which have
reduced association with chromatin regions containing g-
H2AX (Morrison et al., 2004), have delayed single-strand
DNA resection. Interestingly, both Arp5 and Arp8 subunits
of the INO80 complex have also been implicated in DNA
repair mechanisms, such as NHEJ, DNA resection, and
histone eviction (Kawashima et al., 2007; Tsukuda et al.,
2005; van Attikum et al., 2004). BothARP8 andNHP10 ge-
netically interact with members of the RAD52 epistasis
group (Morrison et al., 2004). However, during MMS treat-
ment, significant defects in checkpoint responses in
ino80, arp5, and arp8 mutants have not been detected
(van Attikum et al., 2004). In contrast, ies4 phosphorylation
mutants do not genetically interact with repair genes or
significantly affect repair processes, but rather influence
cell cycle checkpoint regulation. These observations indi-
cate that different subunits of the INO80 complex are in-
volved in distinct steps during the DNA damage response,
illustrating that the activities of the INO80 complex are
multifaceted and highly regulated, a concept that may ap-
ply to other multisubunit chromatin-modifying complexes.
PTM of Chromatin-Modifying Complexes
Our study shows that a chromatin remodeling complex
can be regulated by phosphorylation during the DNAdam-
age response, thus revealing a novel mechanism for reg-
ulating the activities of a chromatin remodeling complex
in this process. We speculate that not only INO80,
but also other chromatin-modifying complexes may be
regulated by PTMs. Indeed, phosphorylation-dependent
alterations in the activities of the hSWI/SNF chromatin re-
modeling complex (Muchardt et al., 1996; Sif et al., 1998),
dMi-2 chromatin remodeling complex (Bouazoune and
Brehm, 2005), and the histone methyltransferase EZH2
(Cha et al., 2005) have been reported.Much like the PTMs that can be found on histones them-
selves, these modifications may also be utilized to regu-
late chromatin-modifying complexes. This study and
others suggest that a new layer of chromatin regulation
exists and demonstrate that in addition to histone PTMs,
which regulate many aspects of chromatin biology, the
chromatin-modifying complexes themselves are also reg-
ulated by PTMs.
EXPERIMENTAL PROCEDURES
Strains, plasmids, and epitope-tagging procedures, as well as MALDI-
MS and -PSD analysis of HPLC-purified Ies4, that were used in this
study are described in the Supplemental Experimental Procedures.
Protein Purification and IP Kinase Reactions
Preparation of yeast whole-cell extracts and FLAG-immunoaffinity pu-
rification were previously described in detail (Shen, 2004), except for
the Ies4 phosphorylation induction time course assay, in which midlog
phase cells were lysed with glass beads in buffer containing 0.3 M KCl.
Unless noted in the Figure legend, INO80 complexes were purified
from either untreated or MMS-treated (0.25% MMS for 2 hr) cells.
For kinase reactions, whole-cell extracts containing HA-tagged
Tel1, HA-tagged kinase-dead Tel1 (Mallory and Petes, 2000), or
Flag-tagged Mec1 were prepared using buffer containing 0.1 M KCl
and lacking NP-40. Immunoprecipitated complexes were washed
with buffer containing either 0.4 M KCl (for HA-Tel1) or 0.5 M KCl (for
Flag-Mec1). Kinase reactions containing INO80 complexes purified
from the BY4705mec1D tel1D strain were performed as previously de-
scribed (Mallory and Petes, 2000).
Gel Staining, Western Blotting, and ISA Assays
The quantitative Pro-Q Diamond Phospho-protein Gel Stain (Invitro-
gen) and Deep Purple (GE Healthcare) were used in accordance with
themanufacturers’ protocol. The fluorescent intensity of protein bands
was quantified using a Typhoon Variable Mode Imager (GE Health-
care). Induction of Ies4 phosphorylation was obtained by dividing the
Ies4 signal from the Phospho-protein stain by the RuvB signal, an
abundant protein that is readily stainable, from the Deep Purple total
protein stain.
Rad53 antibody was purchased from Santa Cruz. The g-H2AX anti-
body was a gift from William M. Bonner (NIH) or purchased from
Abcam. Rad53 ISA assays were performed as previously described,
except 0.5 uM nonradioactive ATPwas added to the reaction (Pellicioli
et al., 1999).
DNA Resection Assays
Yeast strains were derived from the JKM179 strain carrying a galac-
tose-inducible HO endonuclease (Lee et al., 2000). EcoRI-digested
genomic DNA from galactose-treated samples was subjected to
Southern blot analysis using a probe specific for the MATa locus
that was amplified by PCR with the primers: forward, 50-ATGTCCT
GACTTCTTTTGACGAGG-30; reverse, 50-CCGCATGGGCAGTT
TACCT-30.
E-MAP Analysis
E-MAP analysis was carried out as previously described (Collins et al.,
2007, 2006; Schuldiner et al., 2005) using a set of genes involved in var-
ious aspects of chromosome function (Figure S9; Table S1). pRS416
plasmids encoding Ies4 FLAG-tagged proteins were transformed
into an ies4D::NAT, and these strains we then crossed in duplicate
to the E-MAP. The results from each set of screens were averaged.Cell 130, 499–511, August 10, 2007 ª2007 Elsevier Inc. 509
Cell Cycle and FACS Analysis
Cells were arrested by adding 5 ug/mL a factor to the media twice for
1.25 hr per treatment. Cells were released from a factor arrest by
washing cells and growth in media supplemented with 10 ug/mL pro-
nase. For FACS analysis, RNase A and Proteinase K-treated cells were
stained with 2 uM SYTOX Green nucleic acid stain (Invitrogen) and an-
alyzed via standard flow cytometry techniques.
Supplemental Data
Supplemental Data include ten figures, Experimental Procedures, Ref-
erences, and one spreadsheet and can be found with this article online
at http://www.cell.com/cgi/content/full/130/3/499/DC1/.
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